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Abstract 
Laser micro machining as well as laser surface structuring are innovative manufacturing technologies with a wide range of 
machinable materials and a high level of flexibility. These techniques are characterized by different machine, workpiece 
and environmental parameters. The large amount of process dependencies lead however to a time consuming process 
initialization and a complex process control. Currently no automated solution exists to achieve material specific process 
parameters, nor does a sufficient inline process control exist to adapt processing parameters or strategies inline. Therefore 
a novel scanner based inline metrology solution and an automated process initialization strategy has been developed. 
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1. Introduction and motivation 
The micro machining as well as the surface structuring by the usage of lasers are rapidly developing 
manufacturing technologies [1].  Manly due to its high level of flexibility and reliability as well as to the wide 
range of machinable materials, it has already become relevant for many industrial applications [2] and has 
entered several industrial branches, like automotive, aerospace or power engineering.  
In the field of tool and mould making laser surface structuring can either be an alternative for the 
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conventional structuring techniques like chemical etching or a complementary production technology [3]. The 
quality demands for surface structured parts, e.g. of mould inserts used for plastics injection moulding, are 
often very high. The quality level of these parts has to be achieved constantly and with a minimum effort of 
time, material and human resources.  
The laser surface structuring of parts is also due to the described demands mainly performed using modern 
machine tools. However, laser surface structuring is challenging with regard to the needed effort to set-up a 
process as well as to achieve a stable production and a high product quality. An essential factor for this 
challenge is the complexity of the laser process itself, with different parameter dependencies, which are not 
yet described sufficiently.  On the one hand the time consuming effort to initialize the laser structuring of new 
product materials increases the manufacturing time for the laser surface structuring significantly. If the 
process behavior is unknown for a determined material, a set of laser parameters and a suitable machining 
strategy have to be identified in a trial and error testing. For this purpose reference geometries are laser 
structured on a material sample (Fig. 1).  The generated structures have to be analyzed outside the machine for 
each parameter set until a suitable parameter is found. This procedure takes normally 1 day or more and 
occupies a laser expert for this period, leading to high costs associated to eventual errors caused by the 
operator. On the other hand an insufficient process control limits the throughput and increases costs for 
production. Existing technologies in this field are not able to detect directly the real laser machined depth and 
so adapt the laser parameters and machining strategy while processing the part. Consequently, the automation 
and acceleration of this complex and manual procedures is highly demanded.  
 
Fig. 1. Laser machining of experimental fields for the determination of laser parameters and process initialization 
Most monitoring systems in this field are based on the tracing of process related phenomena, as process 
related acoustic emission or electromagnetic emission [4] or in situ sensors, which do not use the same optical 
path of the machining laser, e.g. triangulation sensors [5]. On the one hand the techniques based on process 
emission are just able to measure indirectly the laser machining results. These results are strongly material 
and laser dependent and need to be calibrated for every process configuration. On the other hand state of the 
art in situ sensors for depth measurement do not exhibit the needed overall measurement accuracy. This is 
limited either by the accuracy of the measurement technique itself or by using an additional optical path for 
the measurement procedure. Errors related to the coordinate transformation, calibration and misalignment 
between system center points lead to a higher measurement uncertainty in these techniques.  
As a solution concept for the presented challenges in the laser micro machining / surface structuring an 
innovative metrology system has been developed within the project Scan4Surf, funded within the 7th 
framework program of the European Union. The solution concept developed in this work had as main goal the 
implementation of a high precision measurement system using the same optical path as the structuring laser 
(scanning unit and telecentric f-theta optics) (Fig. 3). The measured machined depth is feedback to the process 
controlling system, which readjusts the process parameters based on different techniques for achieving 
optimal, reproducible process results. The developed optical measurement system is based on the frequency 
domain optical coherence radar and is able to measure with sub-micrometer accuracy the depth and 
topography of a laser machined part. 
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2. Concept 
2.1. Measurement system 
The measurement principle used in the developed solution is the low coherence interferometry, more 
specially the Fourier domain optical coherence radar. In this technique the depth information is gained by 
analyzing the spectrum of the acquired interferogram. The optical path difference is encoded in the 
interference spectrum as a modulation signal. The calculation of the Fourier transformation of the acquired 
spectrum provides a back reflection profile as a function of the depth (Fig. 2). For the generation of the 
interference pattern a measurement and a reference path are used, where the optical path difference between 
these paths is detected. The higher the optical length difference between reference and measuring path, the 
higher the resulting interference frequency signal is [6]. For the topography measurement of the machined 
workpiece just the highest back reflection, i.e. the most significant spectrum modulation, is analyzed. 
 
Fig. 2. In red the spectrum of the interference signal; in orange / green the Fourier transformation of this signal and the peak detection 
Using the scanning unit of the laser micro machining equipment a 3D form measurement of the workpiece 
surface can be executed. The focusing lens used in the system concept is a telecentric f-theta lens. The aim of 
this lens is to generate a focal plane for the laser beam, as well as to create a direct proportional relation 
between the scanning angle and the laser spot position. This property is accomplished through the 
combination of different optical elements, which generate a specific optical aberration for every lens position 
[7]. Therefore the designed optical system of the telecentric f-theta lens causes a not optimal optical 
aberration in wavelengths, which differ from the machining laser wavelength, e.g. 1064 nm. This aberration 
causes systematic errors in the measurement system, such as a distortion of the focal plane, of the optical path 
and of the spot geometry of the measurement beam. Due to these effects a light source with a wavelength near 
to the laser wavelength needs to be used, hereby avoiding a high aberration in the measurement beam. 
, the usage of a dispersion 
compensator in the reference path needs to be provided, so that both paths undergo the same optical 
aberration. In the case of this system, the dispersion compensator represents the same optical aberration of the 
main optical path of the telecentric f-theta lens (fig. 3 (a)). The remaining optical distortion of other optical 
paths needs to be later on calibrated and software compensated. 
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Fig. 3. Concept of the inline process monitoring system  {(a) dispersion compensator / glass rod}  
3. Experimental 
A laser structuring prototype with integrated optical measurement system was developed with the aim to 
evaluate the proposed system solution. The prototype is based on a rastering system concept and is composed 
of a nanosecond fiber laser, a scanning head and a telecentric f-theta lens with 80 mm focal depth. The 
resulting scanning area is of 30 mm x 30 mm. The developed measurement system is based on the frequency 
domain optical coherence radar and is able to measure in the sub-micrometer range the depth and topography 
of laser machined parts. The system set-up was designed with the aim to minimize optical aberration caused 
by the telecentric f-theta lens and at the same time couple laser and measurement beam using an edge filter or 
a dichroic mirror. The wavelength range of the measurement beam (900 and 1050 nm) was defined to be close 
to the laser wavelength of 1064 nm [9]. 
In order to evaluate the system and its application an automated process initialization procedure was 
developed. Based on these results an improvement of the overall accuracy of the process initialization itself as 
well as a reduction of the overall procedure duration (reduction of secondary / non-productive time) can be 
proven.  
3.1. Measurement system prototype 
The measurement system prototype was developed considering the optical aberration caused by a 
telecentric f-theta lens with a focal length of 80 mm. At the same time the coupling efficiency of the laser and 
measurement beam using a dichroic mirror was taken into account. The measurement wavelength range was 
defined to be between 900 and 1050 nm, just below the laser wavelength of 1064 nm. The used light source in 
the system prototype is a superluminescent diode (SLD) with a spectrum of 1017 ± 50 nm and an optical 
power of 10 mW (Fig. 4). As an evaluation unit a spectrometer was constructed. The developed spectrometer 
was designed with a spectral range of 107 nm, which can be adjusted in an absolute frequency range between 
900 and 1100 nm depending on the applied light source. An indium gallium arsenide (InGaAs) line camera 
was used as a detector, as standard silicon based detectors present a low quantum efficiency for the applied 
wavelength range of less than 20%, against values between 60%-80% for InGaAs based detectors [10].  
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Fig. 4. Measurement system prototype 
The theoretical measuring range (max. depth scan) of the developed FD-OCT is of 1.31 mm, using the 
presented SLD light source. The available measurement range and its linearity were evaluated using a piezo 
element. The results showed a maximum linearity error of 5% and a distance measurement range of 1.25 mm 
using a specimen of aluminum with a technical surface with similar properties as typical laser structured parts. 
The theoretical axial resolution is of 4.58 μm. Nevertheless the usage of a gauss fitting algorithm increases the 
axial resolution by calculating a sub-pixel accurate value to find the modulation frequency in the Fourier 
transformed spectrum signal. The standard deviation of the distance measurement values, acquired in the 
center of the scanning field in a normal production environment is of 218 nm using the same specimen [11]. 
3.2. Laser structuring system prototype 
The developed measurement system, a beam coupling and a scanner unit as well as a telecentric f-theta 
lens and a fiber laser with central wavelength at 1064 nm compose the laser structuring system prototype. The 
scanning unit executes the deflection of the laser and measurement beam, followed by a telecentric f-theta 
lens with a focal length of 80 mm (Fig. 5). The combination of both elements enables a scanning working 
field of 30 mm x 30 mm. A 20 W nanosecond pulsed fiber laser with central wavelength at 1064 nm and a 
maximum pulse energy of 1 mJ was used as a processing laser. A special developed software controls the 
complete prototype, synchronizing the scanning unit with the measurement system and the laser source. 
       
Fig. 5. Right: System Prototype for the laser micro machining with Inline high precision measurement system / Left: Prototype working 
station with laser security compliant enclosure  
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3.3. Beam coupling 
An optical filter executes the beam coupling in the developed system (Fig. 6). The reflective area of the 
filter is used for the spectrum of the measurement beam and the transmissive area is used for the wavelength 
of the processing laser. As filter an optical edge filter for the wavelength of 1064 nm was chosen. By 
changing the angle of the edge filter to the applied beams, the edge frequency between reflection and 
transmission is displaced. At an angle of 23° the edge frequency is adjusted to reflect the wavelength 
bandwidth of the measurement system and transmit the wavelength of the laser beam (Fig. 6 left). The 
coupling efficiency of the system was evaluated, reaching an overall coupling efficiency of over 95% for the 
laser beam and over 93% for the measurement beam. These results validate the concept for an integration 
inside of the existing laser machine tool. 
           
Fig. 6. Right: Coupling concept / Left: Prototype of the laser and measurement beam coupling unit  
3.4. Automated process initialization 
A digital process chain to generate the required data for a laser surface structuring of a designated part has 
already been developed at the Fraunhofer IPT [8]. To machine a determined 3-dimensional microstructure, the 
targeted structure is divided in a series of layers, which are scanned sequentially by the laser. The number of 
necessary layers is defined by the current material removal rate, which depends on the process parameter 
settings. This information has to be identified for each material and can be stored in a database as a virtual 
The here proposed adaptive manufacture technique uses the developed measurement system to 
evaluate the material removal rate 
procedure can be carried out within determined time frames to assure an optimal manufacturing result and 
avoid process errors due to system problems (e.g. errors due to an overall machine and laser drift). 
The concept for an automated process initialization is based in 4 steps.  At first the range for the variation 
of the laser parameters as well as the target structure depth and convergence criteria are set. Secondly the 
standard structures are machined and evaluated, leading in a third step to the optimal laser parameter set. 
 
 
Fig. 7. Right: Coupling concept / Left: Prototype of the laser and measurement beam coupling 
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4. Results 
The evaluation of the proposed automated process initialization method was executed using the presented 
laser structuring system prototype. The material chosen for being machined was a X38CrMoV5-1 tempered 
with a hardness of 50 HRC. The applied standard structure was defined as a conjunct of rectangles and a free 
form with dimensions of 10 mm x 5 mm. The target depth of the structure was 50 μm to be machined in 33 
layers. The layers were configured for a spot diameter of 20 μm with a track overlap rate of 50 % and a pulse 
overlap rate of 50 %. The fiber laser was configured with a constant pulse duration of 100 ns. The variable 
laser parameters were  the pulse energy and the pulse repetition rate. The range of pulse energy was defined 
between 0.1 mJ and 0.25 mJ and the pulse repetition rate between 25 kHz and100 kHz. The software 
increased the pulse energy in steps by 0.05 mJ and the pulse repetition rate in steps of 25 kHz(Fig. 8). 
 
    
Fig. 8. Experimental procedure  Laser micro machining of standard structures for an automatic laser parameter detection 
The average structure depth was directly evaluated in the software solution for different laser parameter 
combinations and saved in an evaluation table (Table 1) (Fig. 9). For the depth calculation the average z-value 
of the original surface and of the entire structure area was calculated and subtracted. As convergence criteria 
for the parameter optimization a depth tolerance of ±50 nm was defined. 
The optimal parameter set was found to be with a pulse repetition rate of 50 kHz and an average power of 
0,15 mJ can be used for laser 
structuring tasks with the same machine and workpiece material. 











0,10 55,772 μm 37,935 μm 27,897 μm 20,579 μm 
0,15 - 49,958 μm 35,668 μm 30,062 μm 
0,20 - - 52,178 μm 44,950 μm 
0,25 - - 58,628 μm 48,001 μm 
 
The laser structuring step for a standard structure has an average duration of 300 seconds, varying in 
dependence of the laser parameters (from 120 to 420 seconds). The measurement step has an average duration 
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of 60 seconds. The here described procedure has a total duration of about 66 minutes. In comparison with a 
standard process initiation with duration of about 4-5 hours and with an associated result dependency on the 
machine operator, the presented technique represents a predestinated solution for the reduction of secondary / 
non-productive time and for the improvement of the overall procedure accuracy and repeatability. 
    
Fig. 9. Results fo the experimental procedure (constant dimensional scale): Standard structure (1): 55,772 μm; (2): 49,958 μm; (3): 
37,935 μm; (4): 27,897 μm; 
5. Conclusion and outlook 
Within this paper an optical measurement system for an inline surface inspection of micro and macro 
surface structures as well as its usage for an automated process initialization were described. The results 
presented validate its usage for an automated process initialization, leading to a reduction of secondary / non-
productive time and for the improvement of the overall procedure accuracy and repeatability. Future 
investigations will focus on the validation of an adaptive machining using the measurement system for the 
process control. 
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